Recently, techniques involving head-mounted displays (HMDs) have attracted much attention from academia and industry owing to the increased demand for virtual reality and augmented reality applications. Because HMDs are positioned near to users' eyes, it is important to solve the accommodation-vergence conflict problem to prevent dizziness. Therefore, holography is considered ideal for implementing HMDs. However, within the Nyquist region, the accommodation effect is limited by the spacebandwidth-product of the signal, which is determined by the sampling number of spatial light modulators. In addition, information about the angular spectrum is duplicated over the Fourier domain, and it is necessary to filter out the redundancy. The size of the exit-pupil of the HMD is limited by the Nyquist sampling theory. We newly propose a holographic HMD with an expanded exit-pupil over the Nyquist region by using the time-multiplexing method, and the accommodation effect is enhanced. We realize time-multiplexing by synchronizing a high-speed digital micromirror device and a liquid-crystal shutter array. We also demonstrate the accommodation effect experimentally.
I. Introduction
In recent years, head-mounted display (HMD) techniques have attracted much attention owing to the growth of the virtual reality and augment reality market. Most HMDs provide three-dimensional (3D) images near to the human eye, and users experience 3D depth cues such as binocular disparity and convergence [1] , [2] . However, 3D displays with only binocular disparity and convergence are considered to provide unnatural 3D contents, and may result in 3D sickness owing to the accommodation-vergence conflict [3] - [6] . On the other hand, digital holography reconstructs the wavefront of the object perfectly, and it is free from this conflict [7] , [8] . Therefore, digital holography is considered a promising candidate for HMD applications in order to express natural 3D contents.
The image quality of digital holography is affected by the physical specifications of the spatial light modulator (SLM). The number of pixels and the pitch between them are significant parameters that contribute to characteristics of the diffracted light wave. The number of pixels is directly related to the amount of data because it represents the number of samples, which is the space-bandwidth-product (SBP). The SBP is a product of the angular spectrum of the reconstructed light wave and the size normalized by the wavelength [9] . In other words, it is impossible to increase the image size without a loss of the field of view [10] . The filtering region of the Fourier domain is defined by the Nyquist sampling theory, and the size of the viewing window is restricted by the bandwidth of angular spectrum [11] - [13] . Therefore, owing to the limited number of pixels in the SLM, it is hard to achieve an adequate field of view with a reasonable size of the viewing window.
In digital holographic displays, many researchers have proposed various methods to increase the size of the viewing window and the field of view simultaneously. One of the most popular ways is the multiplexing technique. In spatial-multiplexing, several SLMs are used, and the use of individual optical components is usually required for each SLM [14] - [16] . Therefore, spatial multiplexing has a disadvantage when applied to HMDs owing to the difficulty in achieving a reduction in the volume and weight of the system. However, in timemultiplexing, a single SLM is usually used, and there is room to reduce the volume of the system. In addition, the number of optical components is relatively small compared with that in spatial multiplexing, and it is easier to correct the errors that result from a misalignment of the optical components [17] , [18] .
In this paper, we propose a holographic HMD with an exit-pupil expansion technique by using timemultiplexing. The exit-pupil expansion implies that the viewing window of the holographic display is expanded more than the Nyquist frequency determined by sampling theory. It is based on the synthetic aperture using the time-multiplexing method with a high-speed digital micromirror device (DMD) and synchronized liquidcrystal (LC) shutter array, which is used as a filter in the Fourier domain. In our proposed system, each diffracted field follows the digital holography, but every sequentially generated field is averaged in time at the eye of the observer. Therefore, the effect of the expansion is understood as a super multi-view technique. We built a compact holographic HMD that is smaller than 180 mm. In this system, the feasibility of the exit-pupil expansion technique is confirmed experimentally, and it is possible to reduce the accommodation-vergence conflict.
II. System Design
In general, digital holographic HMDs require several basic functional parts. The first one is a coherent light source, and the second one is a light modulator, while the third one is an optical filter to eliminate unwanted diffraction. The last one is an eyepiece, which is required to form a virtual image. Figure 1 shows a basic optical structure of a holographic HMD from the modulation to the eyepiece. The filter is located at the Fourier domain of the SLM plane, and 4f optics brings the hologram pattern on the SLM plane to the image plane. Because the image plane is positioned within the front focal length of the eyepiece, the magnified virtual image is observed through the eyepiece.
An SLM with pixel pitch, d and N x by N y pixels is assumed, and the wavefunction U 1 (x 1 , y 1 ), which is the modulation by the SLM, is represented as
Here, the DMD that is used as the SLM is a binary amplitude-only modulator, and its transmittance is given by
Then U 1 (x 1 , y 1 ) is Fourier transformed by a lens L 1 into U 2 (x 2 , y 2 ). The relation between U 1 (x 1 , y 1 ) and U 2 (x 2 , y 2 ) is determined by
Here, k and f 1 are the wavelength and the focal length of the lens L 1 . In order to reconstruct the designed complex optical field, U 2 (x 2 , y 2 ) needs to be filtered by passing only the single sideband because the DMD is an amplitude-only modulator. In addition, the optical filter blocks unwanted higher-order diffraction terms. After filtering, the optical wave is inversely Fourier transformed by a lens L 2 with focal length f 2 , and the wavefunction U 3 (x 3 , y 3 ) at the focal plane of the lens L 2 is given by
The wavefunction U 3 ðx 3 ; y 3 Þ is an optical conjugate of U 1 (x 1 , y 1 ) through 4f optics. Then, the virtual image of U 3 (x 3 , y 3 ) is observed through the eyepiece L 3 , and consequently, the wavefunction U 1 (x 1 , y 1 ) is magnified by
Here, f 3 is the focal length of the eyepiece, and d is the distance between the x 3 y 3 -plane and the eyepiece. The
Viewing window viewing window (VW) is formed at the focal plane of the eyepiece, and the wavefunction at the VW is given by
Here, U 4 (x 4 , y 4 ) is an optical conjugate of U 2 (x 2 , y 2 ). Therefore, the VW is the exit-pupil of the holographic HMD system, and it is directly related to the opening of the optical filter. Figure 2 shows the optical layout of the expanded exitpupil holographic HMD, which is designed based on ray optics using the program Zemax. As the light source, three light-emission diodes (LEDs) with different wavelengths, that is, red, green, and blue, are used. Partial coherence is achieved by coupling the light to a multi-mode optical fiber. The diverging light from the end of the optical fiber is collimated by a lens, and the collimated light is modulated by an SLM. Because the DMD is used as the SLM in this system, the incident wave enters the SLM obliquely at an angle of 24°. The wave modulated by the DMD passes through the prism and is Fourier transformed by the Fourier transform (FT) lens. In Fig. 2 , three fields with different field angles are depicted when the DMD is in the on-state. The three fields represent the diffracted waves with different orders, and the interval between two adjacent fields corresponds to the bandwidth of the Nyquist frequency. The LC-shutter array is located on the Fourier domain, and each LC shutter is understood as a singlesideband optical filter at a specific order of diffraction. More details of optical filtering are explained in Section III. The inverse FT lens is realized by the pair of an achromatic convex lens and an achromatic concave lens. Both the convex and concave lenses are very fast, and the reason for applying a combination of them is to constrain the optical ray from getting out of the apertures of the optical components. As the eyepiece, two achromatic convex lenses are combined in order to achieve a short focal length. The focal length of the eyepiece is closely related to the field of view of the system. Through the eyepiece, the virtual image is observed at 1,000 mm away from the VW, and its width is 760 mm. Therefore, a full field of view is about 41.6°. The specifications of the optical components are summarized in Tables 1 and 2 .
III. Exit-Pupil Expansion Technique and Shutter
Array for Time Multiplexing
The exit-pupil expansion technique enlarges the VW such that it exceeds the limit of the Nyquist frequency. Conventionally, the VW is determined by an optical filter with a single-sideband opening. It should be noted that in rectangular array sampling, every order of diffraction is a duplication of zero-order diffraction. By using timemultiplexing, the position of the opening of the filter changes sequentially, and each opening corresponds to a single-sideband for a specific order of diffraction. As shown in Fig. 3 , a DMD evaluation module manufactured by Texas Instruments is used as the SLM, and it has a DLP3000 with a native resolution of 608 9 684 pixels. The pixels of the DLP3000 are arranged in a rhombus shape. The diagonal length of each pixel is 10.8 lm, and the pitch along its side is 7.837 lm.
Each pixel of the DLP3000 is square, but the coordinates are rotated by 45°. Figure 4 shows the mapping relation for assigning a sampling point in a computer-generated hologram (CGH) to a pixel of the DMD. The data arrangement of the DMD is different from that of traditional display devices with a rectangular lattice. For example, if an image with a vertical line is loaded on the DMD, the line will become a zigzag line on the DMD. In other words, the CGH should be rearranged to enable it to be loaded on the DMD, and a proper mapping function is necessary from the sampling space to the domain of the DMD. For sampling coordinates x; y ð Þ, the position of the sampling point specified by p; q ð Þ is defined by
where d is the sampling pitch of the pixel of the DMD, and its value is 7.837 lm. Here, the region of interest at which the CGH is positioned is given by 343 p þ q 1; 558;
À342 p À q 342:
In the DMD coordinates n; g ð Þ, the pixel of the DMD specified by m; n ð Þis defined by
Because the two coordinates are rotated by 45°with respect to each other, they are related by
As a result, the pixels of DMD m; n ð Þare mapped from the sampling p; q ð Þ as follows
The diffraction pattern obtained by the DLP3000 is different from that of a typical SLM with an array of square-shaped pixels. In general, each pixel of the DMD has bistable positions with tilt angles of AE 12°. Therefore, the incident wave needs to enter obliquely by 24°, and then the reflected wave exits in a direction normal to the incident plane when the pixel is in the on-state. It should be noted that the normal direction is not an undiffracted wave, which is the D.C. term. The D.C. term appears on the other side by À24°opposite to the incident wave because the DMD can be understood as a two-dimensional (2D) blazed grating. Figure 5 shows the diffraction patterns when collimated red, green, and blue waves are diffracted by the DLP3000. The main portion of the optical power is in the normal direction owing to the tilt angle of the pixels, but the D.C. point is placed at the right side out of the captured region. In Fig. 5(a) , the line with rainbow colors is the dispersion, which results from the broad spectrum of RGB LEDs. The experimental results are in good agreement with the simulation results, as shown in Fig. 5(b) . Using the program Zemax, the diffraction grating is modeled and a high-order diffraction pattern is obtained after the FT lens. The higher-order diffraction terms with red (624 nm), green (515 nm), and blue (425 nm) wavelengths are depicted as points, and the color dispersions are described by dashed lines. In addition, each point is connected to identify the Nyquist region of each wavelength, and the result was in the shape of a rhombus. A suitable position for filtering is the common region of single-sidebands of high-order diffractions with RGB lights. Because the interval between diffraction orders varies according to the wavelength, it is necessary to choose the region of filtering carefully. In this study, four positions were chosen for the opening of the filter, and the circled numbers in Fig. 5(b) represent these positions. The filter array with four apertures is made of black paper, and LC shutters are attached behind the filter array in order to control the opening individually. As the LC shutter, we used x-FOS(G2) (manufactured by LC-TEC), as shown in Fig. 6(a) . Figure 6 (b) shows the array of four LC shutters, where one of them is in the on-state. The LC shutter is electronically controllable, and it has a normally white mode, which means that it is transparent when no voltage is applied. The transmittance of the shutter is 2% when 5 V is applied. In this experiment, the applied voltages of the LC shutter are set to alternate between 0 V and 5 V for on and off, respectively.
Each LC shutter should be controlled in synchronization with the operation of the DMD. The LC shutters are opened sequentially according to the output trigger signal from the DMD. Figure 6 (c) shows the electronic box for synchronized control of LC shutters. The electronics are functionally divided into three parts. The first part is an oscillator to provide an A.C. signal because an A.C. source (as opposed to a D.C. source) needs to be applied to the LC shutter in order to prevent the accumulation of the charge. The second part is a shifter to select one of four LC shutters sequentially according to the output trigger signal from the DMD. This part was realized with two chips such as a fourchannel switch and a 4-bit binary ring-shifter. The A.C. signal from the oscillator is connected to the inputs of the switches, and these switches are controlled by the 4-bit binary ring-shifter sequentially. The 4-bit binary ring-shifter receives a pulse-type signal from the DLP, and it circularly shifts the initial value 0/1/1/1. The third part is an operational amplifier (OP-amp) part. Because the A.C. signal generated by the oscillator does not have enough power to turn off the LC shutter, it is amplified by the OPamp circuits in front of the LC shutter.
IV. Computation of Hologram Suitable for ExitPupil Expansion
The CGH used for the exit-pupil expansion requires an angular spectrum with a bandwidth that is larger than that of the Nyquist region of the DMD. Figure 7 shows the positions of four filter apertures in the Fourier domain at 624 nm, 515 nm, and 425 nm respectively. Although the positions of the apertures are physically fixed independent of the wavelength, their positions are different from each other according to the wavelength when they are represented relative to high-order diffraction terms. For example, for the 624-nm wavelength, the first aperture is located in the second quadrant of the (3,4)-th order of diffraction, as shown in Fig. 7(a) . However, for the 515-nm wavelength, the first aperture is located in the first quadrant of the (4,5)-th order of diffraction, as shown in Fig. 7(b) . The relative positions of the filter apertures are summarized in Table 3 .
Each CGH has information about the angular spectrum in the Fourier domain. When the part of the angular spectrum is chosen, it represents a view that is reconstructed at the viewpoint corresponding to the selected angular spectrum. In the exit-pupil expansion technique, the specific angular spectrum is larger than that of the Nyquist region of the DMD. The wave diffracted from the DMD has a repetitive angular spectrum with the period, which is two times that of the Nyquist frequency f N . The exit-pupil expansion implies that an angular spectrum larger than the Nyquist region is represented by the given DMD with the help of sequential opening of filtering apertures. Therefore, by expanding the exit-pupil, the field of view of the system becomes wider than that of the conventional method. In this paper, the field of view is defined within the pupil of the human eye. Therefore, the expansion of the exit-pupil of 10fN,G, 10fN,G)  (8fN,G, 10fN,G)   (8fN,G, 6fN,G)  (10fN,G, 8fN,G)  (12fN,B, 8fN,B)  (8fN,B, 8fN,B)   (8fN,B, 12fN,B)  (10fN,B, 12fN,B ) the system results in the enhancement of the accommodation effect felt by the observer. The angular spectrum form the DMD is duplicated in the Fourier domain, and the angular spectrum selected by one aperture belongs to one quadrant of a high-order diffraction term. First, a hologram that is four times larger than the Nyquist region is computed. Next, the order of diffraction to which a portion of the angular spectrum corresponding to the aperture belongs is identified. Then, the specified order of diffraction is shifted to the origin of the angular spectrum. With the exception of the one where the portion corresponding to the aperture is positioned, the other three quadrants are removed. Finally, the only angular spectrum within the Nyquist region is inverse Fourier transformed to generate the CGH assigned to the filtering aperture. Figure 8 shows the numerical reconstruction of the CGH based on exit-pupil expansion. The objects consist of five rings, as shown in Fig. 8(a) . The smallest ring is placed at a distance of 1,100 mm from the eyepiece, and the second smallest ring is placed 1,000 mm from it. Because the virtual image of the hologram is designed to be positioned at 1,000 mm, these two small rings are near to the virtual image plane. Three large rings are made of relatively thin lines, and they are closely placed 100 mm from the eyepiece. As previously mentioned, there are four filter apertures in the Fourier domain. In Fig. 8(b) , the area of the angular spectrum is four times larger than that of the Nyquist region. Here, black dots represent the order of the diffraction resulting from the pixel pitch of the DMD, and the blue dashed line refers to the Nyquist region. There are 950 9 950 sampling points, and the whole area in Fig. 8(b) requires 3,800 9 3,800 points. Therefore, the hologram is computed in the oversampling condition. Four apertures are distributed over the square drawn with a red dashed line. This area represents the expanded exit-pupil, and it is much larger than the maximum single-sideband filter, which is a half of the Nyquist region. Figures 8(c)-(d) shows numerical reconstructions obtained by the CGH, which are images that propagate to the virtual image plane. Therefore, the two smallest rings appear clearly, even though the surfaces of these objects are modeled in a random phase. Three rings positioned at 100 mm appear seriously blurred, as shown in Fig. 8(c) , owing to the large angular spectrum. It is expected that the accommodation effect depends on the bandwidth of the angular spectrum. The accommodation effect is not usually expected when the bandwidth is too small compared with the diameter of the pupil of the human eye. In our proposed system, the distance between adjacent orders of diffraction in the VW plane is 1.3 mm for a wavelength of 624 nm. Therefore, the size of the Nyquist region is not sufficient for an observer to feel the accommodation effect. When only the 4th aperture is open, the reconstruction image by one partial CGH is as depicted in Fig. 8(d) . Here, three large rings are much clearer than those in Fig. 8(c) . As discussed, the accommodation effect becomes weak according to the reduction of the bandwidth. In addition, these rings are decentered to the opposite direction of the position of the 4th aperture because this image was obtained through the aperture. Figure 8 (e) shows the sum of the intensities of four waves that are sequentially reconstructed by the CGHs through each aperture. This image confirms that it is feasible for the exit-pupil expansion technique to provide an accommodation effect to observers more effectively. Because the waves are reconstructed sequentially, there is no interference between two waves from different apertures. Therefore, it appears to be similar to the result of the super multi-view display. In our proposed system, the VW of the holographic display is multiplexed within the pupil of the human eye, so our proposed system can be understood as a combination of a holographic display and a super multi-view display.
V. Experimental Result
Based on the optical layout design in Section II, we realized the expanded exit-pupil holographic HMD, as shown in Fig. 9 . To reduce its form factor, two folding mirrors are inserted in front of the LC shutter array and the eyepiece. The DMD evaluation module with DLP3000 is modified and the projection optics is removed. The LED light sources are separated and the light is coupled into an optical fiber with a core size of 100 lm in order to control the spatial coherence. The dimension of the optics in this system is 180 m 9 95 mm, and its height is 30 mm. The resultant size of the total system is 180 mm 9 170 mm 9 50 mm.
Because a single DMD is used in the color-sequential method, the full-color contents are provided by three CGHs with red, green, and blue wavelengths. In this paper, four apertures are selected, and LC shutters that are attached to them are opened one-by-one. Therefore, 12 CGHs are required for our proposed system, and the set of RGB binary amplitude CGHs according to the positions of the apertures are depicted in Fig. 10 . The object is designed as follows: the letter "K" is red, the letter "N" is green, and the letter "U" is blue. In addition, the depths of "K," "N," and "U" are 100 mm, 1,000 mm, and 1,100 mm, respectively. In addition, 12 CGHs are carefully computed corresponding to the proper single-sidebands of high-order diffraction terms depending on the wavelength. In this system, the off-the-shelf lenses listed in Table 1 are used, and the aberration needs to be carefully considered. Therefore, the CGHs have to be shifted depending on the position of the aperture considering the aberration of the lenses. The degree of the shifts is determined experimentally by measuring the incoherent imaging.
The reason for using edge-shape content in experiments is to show focusing and blurring clearly. There is no problem with the display of solid contents or general images in this proposed system. However, the quality of the contents is lower than that of a gray-scale hologram because it expresses content using a binary hologram. To overcome this problem, techniques that use several binary holograms with time-multiplexing have been studied to realize gray-scale [19] , [20] . In this paper, we focus on the expansion of the exit-pupil of the holographic display instead of the improvement of the quality of individual holograms. Because the speed of the DMD is sufficiently high, it is possible to realize both techniques. That is, gray-scale holograms with time-multiplexing are represented, and they are assigned to four apertures.
The set of CGHs is uploaded to the driving board of the DMD in advance, and they are played sequentially. The exposure time of each CGH is set as 1.33 ms, and the total exposure time for 12 CGHs is 16 ms. The image is captured by a camera through the eyepiece. The exposure time of the camera is sufficiently larger than 16 ms, and the image is the summation of the intensities of every reconstructed wave. Figure 11 shows the captured images that are projected by the holographic HMD. The labels are positioned at 100 mm and 1,000 mm away from the eyepiece. Figures 11(a)-(c) show the results of reconstruction images when only the 1st aperture remains open. Here, the camera focuses at 100 mm, 1,000 mm, and 1,100 mm, respectively. In particular, "U" is projected with blue color, and it appears dark owing to the limited power of blue LEDs. Because "K" is the closest object from the eyepiece, it appears to be relatively large compared to "N" and "U."
show the results of reconstruction from 12 CGHs that are displayed synchronized with the opening of four apertures. In Fig. 11(d) , the camera is set to focus at a distance of 100 mm, and the letter "K" is expected to be clear, while the letter "N" is expected to be blurred. However, in Fig. 11 (e), the camera is set to focus at a distance of 1,000 mm, and the letter "N" is expected to be clear, while the letter "K" is expected to be blurred. However, the experimental results do not meet our expectation exactly because there are serious aberrations in our optics. In Fig. 11(d) , the upper right part of the letter "K" is focused clearly, but the lower right part is not as clear owing to the noise. This noise mainly results from the CGHs passing through the 3rd aperture because some stray lights appeared when the 3rd aperture position was selected. Therefore, additional experiments were performed with only three apertures, with the exception of the 3rd aperture. The 3rd aperture is blocked and the images are taken, as shown in Figs. 11(g)-(i). As previously discussed in Fig. 11(d) , the noise disappears at the lower right corner of the letter "K" in Fig. 11(g ). In addition, "N" appears to be clear when the camera is focused at 1,000 mm. Even though only three apertures are used to expand the exit-pupil, the size of the exit-pupil is much larger than the area of the Nyquist frequency. Therefore, we experimentally confirmed that it is feasible for the sequential opening of the single-sideband of high-order diffraction terms to increase the exit-pupil.
VI. Conclusion
Holographic HMDs usually have a narrow exit-pupil owing to the limitations of SBP, and it is difficult to provide a sufficient accommodation effect. In this study, we applied the time-multiplexing technique to improve the accommodation effect in a holographic HMD by expanding its exit-pupil. In the holographic HMD, the exit-pupil plane is the conjugate plane of the spatial filter plane. Therefore, the exit-pupil is expanded by opening several singlesidebands of the high-order diffraction terms sequentially. In this study, we implement the proposed system by synchronizing the high-speed DMD and LC shutter array. Experimentally, the feasibility is confirmed by expanding the exit-pupil to be four-times larger than the Nyquist frequency. For time-multiplexing, the DMD is used owing to its high-speed operation, but it has two main Experimental results with the camera focused at different depths. When only the 1st shutter is opened, the images are captured with a focus at (a) 100 mm, (b) 1,000 mm, and (c) 1,100 mm. When four apertures are opened sequentially, the images are captured with a focus at (d) 100 mm, (e) 1,000 mm, and (f) 1,100 mm. When the three apertures, except for the 3rd aperture, are opened sequentially, the images are captured with a focus at (g) 100 mm, (h) 1,000 mm, and (i) 1,100 mm.
disadvantages. One is that the oblique incident wave results in a shift of the undiffraction term, and it is difficult to choose regions that are suitable for spatial filtering among high-order diffraction terms. The other is that it generates a binary hologram, and the quality of the reconstructed wave is inevitably degraded. In the future, we plan to use a liquid crystal-on-silicon (LCoS) instead of the DMD in order to enlarge the size of the spatial filter and to improve the quality of the reconstructed wave.
